Abstract-A practical architecture for wirelessly powered communications (WPC) with dedicated power beacons (PBs) deployed in existing cellular networks, called PB-assisted WPC, is considered in this paper. Assuming those PBs can access to backhaul network and perform simultaneous wireless information and power transfer (SWIPT) to the energy constrained users, the near-far problem in the PB-assisted WPC system is first identified. Specifically, the significant difference of the received power of SWIPT signal (from a PB) and information transfer (IT) signal (from a base station) due to different transmission ranges leads to extremely small signal-to-quantization-noise ratio (SQNR) for the IT signal after quantization of the mixed signals.
I. INTRODUCTION
Recent breakthroughs in physical layer technologies, such as massive multiple-input-and-multiple-output (MIMO), millimeter wave communications and small-cell networks, are expected to enable gigabit wireless access in 5G cellular networks. The high-rate access will enable a wide-range of mobile services such as Internet gaming, video streaming, mobile banking and social networking, which enrich mobile user experiences. However, the relatively slower advancements in battery technologies and the resultant short battery lives can cause interruption of the services and thereby severely degrade the user experience. Motivated by this, wireless power transfer (WPT) technique has attracted strong interest in both the academia and industry in resent years due to its promising potential for providing virtually perpetual power supply to mobile devices.
The integration of the WPT and the information transfer (IT) has opened up several new research topics including simultaneous wireless information and power transfer (SWIPT), where information and energy are jointly transmitted using the same radio frequency (RF) signal, and wirelessly powered communications (WPC), where unmodulated RF signals are used to wirelessly power user terminals for communications. Presently, active research has been carried out on these topics. The fundamental tradeoff between harvested energy and information capacity in SWIPT systems was first investigated in [1] , [2] . This motivated the design of practical receiver architectures for enabling SWIPT in [3] , where information decoding and energy harvesting are either based on time division or power splitting given shared antennas. Building on these designs, more complex SWIPT systems have been proposed in the literature, including broadband SWIPT [4] , [5] , relay-assisted SWIPT [6] - [8] , cognitive SWIPT networks [9] , [10] , and interference channels with SWIPT [11] . For WPC systems, a WPC network based on microwave power transfer (MPT) was proposed in [12] , where base stations power the uplink transmission of mobiles by downlink MPT. The throughput maximization problem was formulated and solved in this paper. The results have been extended to massive MIMO systems [13] , large-scale communication networks [14] , and full-duplex networks [15] . It is worth pointing out that all the aforementioned prior works assume fading for the power-transfer channels for tractability. The assumption, however, is impractical since efficient MPT requires free space propagation with beamed transmission [16] .
Alternatively, a practical network architecture for realizing MPT is proposed in [17] where dense low-complexity power beacons (PBs) dedicated for MPT are deployed in existing wireless networks, which minimizes additional deployment cost. In the resultant PB-assisted WPC networks, short-range PT and long-range IT result in the power difference of many orders of magnitude between the PT and IT signals received at a particular user (e.g., up to 90 dB [16] ). This causes the (PT-IT) near-far problem: quantizing the mixed PT-IT signal results in an extremely low signal-to-quantization-noise ratio (SQNR) for the IT signal. Time division or frequency division PT-IT are the conventional methods for overcoming the nearfar problem but not without drawbacks. Time sharing PT and IT reduces their efficiency/rate and further more requires synchronization between users. For frequency division PT-IT, the suppression of ultra-strong PT signal at an information decoder requires a sharp analog band-pass filter plus sufficiently large frequency separation between PT and IT signals. SWIPT using the same spectrum does not have the drawbacks mentioned above but requires analog spatial decoupling of IT and PT to overcome the near-far problem, which is a largely uncharted area and the theme of the paper.
In this paper, we make the first attempt to develop a systematic solution for implementing analog spatial decoupling in the considered PB-assisted WPC networks, where the PBs are assumed to perform SWIPT and the receivers try to retrieve the data carried by the SWIPT and IT signals respectively. The contributions of this paper are summarized as follows. First of all, the severe degradation of the quantization process caused by the near-far problem is identified. To tackle this issue, the concept of analog spatial decoupling is proposed, which is implemented using an architecture comprising phase shifters. The corresponding design is formulated as an optimization problem for maximizing the spatial multiplexing gain of the IT signal under the constraint of analog suppression of the SWIPT signal. To solve the problem, we first consider the single-PB scenario, where two practical solutions based on the principle of the Fourier or Hadamard transform are proposed. While the problem for the case of multiple-PB is more mathematically challenging and the solutions for the single-PB counterpart are hard to be extended to this case. Responding to this, a construction framework with well-designed systematic procedure is developed, which also sheds significant insight on the fundamental limit for analog spatial decoupling in the multiple-PB setup.
II. SYSTEM MODEL
As shown in Fig. 1 , we consider a PB-assisted WPC system, where an energy constrained user communicates with the base station (BS) with the assistance of one or multiple dedicated PBs which can charge the user wirelessly via MPT. Instead of transmitting single tone signals, we assume that PBs are connected to the backhaul network and able to transmit modulated signals so that they can also serve as access points or relays to enhance the coverage of the cellular network. It is assumed that the BS is equipped with N t antennas and the user is equipped with a linear array of N r antennas, while all the PBs are equipped with arrays for free-space beamforming. To attain low energy propagation loss, PBs are generally densely deployed in the cellular network [17] such that energy can be transmitted through short-range light of sight channels. Therefore, a more practical hybrid channel model is employed in this paper, i.e., the link between BS and user experiences the Rayleigh fading channel, while the channels between PBs and user are assumed to be free-space channels. In addition, the SWIPT signals transmitted by the PBs and the IT signal transmitted by the BS are assumed to share the same frequency band and time slot to achieve higher spectral and time efficiency, which gives the inputoutput relationship of the considered system as follows,
where G ∈ C Nr×Nt denotes the Rayleigh fading channel matrix between the BS and the user, x ∈ C Nt×1 represents the IT signal transmitted by the BS, N PB is the number of PBs, h i ∈ C Nr×1 denotes the free space channel vector between the i-th PB and the user, and s i represents the SWIPT signal transmitted by the i-th PB. n ∈ C Nr×1 represents the additive white Gaussian noise at the user. Assuming that the incident SWIPT signal from the i-th PB can be approximated as a plane wave with the angle-of-arrival θ i , the channel vector h i is given as
where a i represents the path loss and
λ cos θ i denotes the constant phase difference between the signal observed by two adjacent receive antennas with d being the antenna separation distance. The received signal y is split for energy harvesting and information decoding as illustrated in Fig. 1 .
III. PROBLEM FORMULATION
The mentioned severe PT-IT near-far problem leads to a extremely low SQNR when quantizing the mixed SWIPT-IT signal, making it difficult if not impossible to decode the weak IT signal. Specifically, in the quantization process illustrated in Fig. 2 , the SWIPT signal is scaled to span the full dynamic range of the analog-to-digital convertor (ADC). This reduces the peak magnitude of IT signal to be smaller than the quantization step size. The corresponding SQNR for IT signal can be calculated as follows,
where b represents the given ADC resolution in bit, R denotes the power ratio between the received SWIPT and IT signals, and the constant c = −8.5 ∼ 1.76 dB depends on the distribution of the input signal. For example, given R = 90 dB and b = 10 bits, the SQNR can be computed to be approximately −30 dB which makes it impossible to recover the data in the IT signal. Therefore, to tackle the near-far problem, it is essential to decouple the IT and SWIPT signals in the analog domain and quantize them separately. Note that the strong SWIPT signal is unaffected by the near-far problem, and can be received using a simple coherent combiner as illustrated in Fig. 3 . However, the extraction of the IT signal from the total received signal is much more difficult and is the focus of this paper.
For this purpose, we design an analog circuit which acts as a zero forcing (ZF) combiner, denoted as S, to suppress the strong SWIPT signal. Under the ZF constraint, the row rank of S is maximized such that maximum diversity/multiplex gain can be achieved for the effective MIMO fading channel, defined asG = SG. The proposed simple design comprises an array of interconnected adjustable phase shifters. For the conventional digital spatial decoupling using a DSP processor, both the magnitudes and phases of signals can be changed. In contrast, for the proposed design, we can only adjust the phases of signals via phase shifters, which introduces the unit modulus constraints to analog spatial decoupling. Based on the above discussion the design problem is formulated as follows.
where S ∈ C N rank ×Nr is the full row rank ZF matrix needs to be designed, N rank represents the row rank of S, [S] m,n is the (m, n)th element of S. To ensure the existence of the ZF matrix, it is assumed that N r > N PB . Remark 1. The main challenge for solving the above optimization problem is to satisfy the unit modulus constraints, i.e., |[S] m,n | = 1, ∀m, n. In particular, the unit modulus constraints make the feasible set, denoted as S, of the problem in (4) is no longer a traditional vector/linear space, since the vectors in S do not satisfy the closure properties for addition and scalar multiplication, i.e., ∀s 1 , s 2 ∈ S, s 1 + s 2 / ∈ S, and ∀s 1 ∈ S, a ∈ C, as 1 / ∈ S if |a| = 1. As a result, the conventional null space analysis methods (e.g., SVD) are invalid in this case. Therefore, a new mathematical tool needs to be developed for solving the problem in (4).
IV. ANALOG SPATIAL DECOUPLING WITH SINGLE PB
In this section, we consider the case where only a single PB is employed to wirelessly power the user. Then, the problem in (4) reduces to,
Note that, without the unit modulus constraints, the maximum rank of the desired matrix S should be equal to the dimension of Null(v(Θ)), i.e., (N r − 1), since one degreeof-freedom (DoF) is used to suppress the SWIPT signal. Therefore, given the constraints, it is interesting to investigate whether a rank-(N r − 1) solution S can still be obtained. To this end, two simple but optimal analog spatial decoupling schemes are proposed in the following sub-sections.
A. The Fourier Based Scheme 1) Design: As illustrated in Fig. 3 , the analog spatial decoupler consists of two components, i.e., thephase compensation array and the truncated Fourier transform. Given the knowledge of the angle-of-arrival θ, the phase compensation array aligns the phases of the received SWIPT signals at different antennas such that the received SWIPT symbol is multiplied by a scaled all-one vector. To be specific, the phase compensation array can be expressed as R = diag(1, e −jΘ , · · · , e −j(Nr−1)Θ ), thus, the phase-compensated signal can be given by
where
T . Next, the truncated Fourier transform multiplies the input with a truncated Fourier matrix with the first row removed:
where w = e −j2π/Nr . Since the rows of the Fourier matrix are orthogonal, the multiplication suppresses the strong SWIPT signal and the IT signal will be extracted from the mixed signal for further decoding.
Mathematically, the transformed signals, denoted as y t , is
Note that the all-one vector u is exactly the first row in the Fourier matrix, yielding Fu = 0 in (7). This suppresses the SWIPT signal at the output of the truncated Fourier transform. After phase compensation and truncated Fourier transform, the equivalent MIMO fading channel for the IT signal is given byG = FRG, which is a rank-(N r − 1) matrix. It means that, with one DoF used to suppress the SWIPT signal, the remaining (N r − 1) DoF can still be achieved in the effective MIMO fading channel for spatial multiplexing. In other words, full multiplexing gain of N r can be achieved in the considered system with analog spatial decoupling. The above discussion leads to the main result of this sub-section.
Proposition 1. The solution of the optimization problem in (5) can be obtained as follows:
where z = e −jΘ .
Remark 2.
A close observation reveals that the proposed S F ∈ C (Nr−1)×Nr is a scaled para-unitary matrix, i.e., S F S H F = N r I Nr−1 . In other words, the rows in S F are mutually orthogonal and have the same norm. Such a property is quite important in the perspective of system stability, which can be indicated by the condition number. Generally, the smaller the condition number is, the more stable the system can be. Condition number of S F can be calculated as cond(S F ) = σmax(SF ) σmin(SF ) , where σ max (S F ) and σ min (S F ) are maximal and minimal singular values of matrix S F . It is easy to show that the minimal condition number of S F is one, given the S F is a scaled para-unitary matrix.
2) Implementation and complexity: Since a Fourier matrix for an arbitrary N r exists, the design in Fig. 3 is valid for any N r ≥ 2. The implementation requires (N r − 1) phase shifters for the phase compensation array and (N r − 1) 2 shifters for the truncated Fourier transform. As a result, the total number of the required phase shifters is N r (N r − 1), which may lead to a high implementation cost if N r is large. This motivates an alternative low-cost scheme proposed in the following subsection.
B. The Hadamard Based Scheme 1) Design:
The architecture of the Hadamard based scheme is similar to that of the Fourier based one shown in Fig. 3 . The only difference is that the matrix F is replaced by a truncated Hadamard transformH, i.e., a Hadamard matrix with the first row removed. A Hadamard matrix is a square matrix whose entries are either +1 or −1 and whose rows are mutually orthogonal. For example, a 4 × 4 Hadamard matrix is
A necessary condition for a n×n Hadamard matrix H n to exist is that n is equal to 2 or a positive multiple of 4. Extending Proposition 1 gives the following result.
Proposition 2. An alternative solution of the problem in (5) is given by
Remark 2 also applies here with S F replaced with S H .
2) Implementation and complexity:
Compared with the Fourier based scheme, the drawback of the Hadamard based scheme is that N r must be 2 or a multiple of 4. However, the latter incurs a much lower implementation cost. In particular, since the entries of a Hadamard matrix are either 1 or −1, the implementation of the truncated Hadamard transform requires no phase shifter but just (N r − 1) adders. Fig. 4 gives an example for the practical circuit of truncated Hadamard transform with N r = 4. As a result, the total number of required phase shifters reduces from N r (N r − 1) for the Fourier based design to (N r − 1), corresponding to nearly N r times cost reduction. 
V. ANALOG SPATIAL DECOUPLING WITH MULTIPLE PBS
In this section, we consider the general scenario where multiple PBs perform SWIPT to a single user. The incident signals from the PBs are assumed to have different anglesof-arrival. Unfortunately, the designs for analog spatial decoupling proposed in the preceding section for the single-PB case cannot be easily extended to the current case. To address this issue, a novel systematic approach for computing the phases of the phase shifters in the decoupling circuit is presented in the sequel. The number of receive antennas is assumed to be N r = 2 n for simplifying exposition. The assumption is relaxed in the full paper.
Given circuit implementation using phase shifters, analog spatial decoupling can be realized by multiplying the receive signal vector by a phase-shift matrix
T whose elements satisfy the unit modulus constraint. For S to solve the target optimization problem in (4), the column vectors in S are designed shortly to be independent and the number of vectors, namely (N r − N PB ), is the maximum under the independence condition, which maximizes the row rank of S. Furthermore, to suppress the SWIPT signals, the decoupling vectors, s 1 , s 2 , · · · , s Nr−N PB , are designed to lie in the null space of the SWIPT channel vectors. The computation of the desired vectors cannot rely on linear algebra due to the unit-modulus constraint. A new systematic procedure for generating these vectors is proposed that has the procedure as summarized below and is elaborated in the sequel.
• Step 1 [Generation of a single decoupling vector]: A decoupling vector s is designed using a proposed method, called element pairwise cancellation, to cancel the N PB SWIPT signals following a particular order
Step 2 [Generation of the decoupling vector mother set]:
A mother set of decoupling vectors, denoted as S, is generated using the procedure in Step 1 for different PBcancelation orders. Thus the number of elements in S is N PB !.
• Step 3 [Selection of linearly independent decoupling vectors]: (N r − N PB ) linearly independent vectors are selected from the mother set, S, obtained in Step 2 using a simple greedy search algorithm [18] , giving the desired solution for the optimization problem in (4).
Step 1 of the systematic procedure is elaborated as follows. Without loss of generality, assume that the target PBcancelation order is O = Θ 1 → Θ 2 · · · → Θ N PB . First, the SWIPT signal from PB 1 can be canceled by applying the ZF constraint s T 1 · v(Θ 1 ) = 0. To satisfy the constraint, it is proposed that s 1 can be constructed as follows: (10) where N 1 = 2 n−1 and ϕ 1 , ϕ 2 , · · · , ϕ N1 are the remaining DoF that can be exploited to cancel other PB signal vectors. This design realizes the mentioned element pairwise cancellation:
Next, s 1 is computed to be orthogonal to the second PB channel vector v(Θ 2 ). Substituting (10), the corresponding ZF constraint can be written as
Since 1 − e j(Θ2−Θ1) = 0 with Θ 1 = Θ 2 , the ZF constraint can be enforced by choosing {ϕ n } based on the said principle of element pairwise cancelation as follows:
. . .
Substituting (12) into (11) gives s 1 that is orthogonal to both v(Θ 1 ) and v(Θ 2 ). There remains N1 2 = 2 n−2 unused DoF. Repeating the above construction procedure gives the phaseshift vector s 1 that is orthogonal to all SWIPT channel vectors,
The following result follows from the above construction procedure for analog decoupling vectors.
Proposition 3.
The maximum number of PBs that can be supported by analog spatial decoupling with N r = 2 n receive antennas is given as N PBmax = n.
As described earlier, Step 2 of the systematic procedure generates the mother set S of decoupling vectors based on the construction procedure in Step 1 following different PB-cancellation orders. Last, a set of (N r − N PB ) linearly independent vectors are chosen from S using one of the wellknown greedy search methods which is based on a criterion that the target vector and all those selected vectors should form a matrix that has the minimum condition number. Note that the size of S may be much larger than that of the final decoupling vector set since N PB ! N r − N PB holds for a large N PB . From simulation, there always exists a linearly independent subset of the mother set.
To demonstrate the proposed systematic construction procedure, an example is provided as follows. Example 1. Let's consider the simple case with N r = 4 and N PB = 2. It is easy to note that following the same procedure shown in Step 1 with the PB-cancellation order O = Θ 1 → Θ 2 , the first decoupling vector can be given by
Then, according to the Step 2 and following the other PBcancellation order O = Θ 2 → Θ 1 , we can obtain another decoupling vector as follows,
Comparing s 1 and s 2 , it is easy to show that they are linearly independent since Θ 1 = Θ 2 . To this end, for the case of N r = 4 and N PB = 2, the desired solution for the problem in (4) can be expressed as . (15) Remark 3. In this example, the size of S is just equal to that of the final decoupling vector set, i.e., N PB ! = N r − N PB and the linear independency of the generated vectors can be easily proven. For the case where N r > 4 and N PB ! > N r − N PB , it can be shown that the required (N r −N PB ) linear independent vectors can still be selected from S by using the said greedy search algorithm.
VI. SIMULATION RESULTS In this section, simulation results are presented for further evaluating the performance of analog spatial decoupling. The simulation settings are summarized as follows. We set N r = 4, N t = 4, the average received SNR for the IT signal as 10 dB. Moreover, the number of data streams for IT is fixed at 2, and that for SWIPT is 1 per PB, all modulated using QPSK.
Consider the use of the traditional digital spatial decoupling of IT and SWIPT signals in the presence of a single PB. Fig. 5 shows the symbol error rate (SER) for IT transmission versus the power ratio between the received SWIPT and IT signals, denoted as R. The SER is observed to depend on both the ADC resolution and R. Specifically, given a required SER, increasing R (corresponding to a more severe near-far problem) requires higher ADC resolution so as to regulate the quantization noise in the weak IT signal. For high R (e.g., 70 dB or higher), even a 16-bit ADC is insufficient for achieving a low SER (e.g., 0.01). The results show that digital spatial decoupling is incapable of coping with the nearfar problem, for which has to rely on using an ADC with an impractically high resolution. Fig. 6 compares the (IT transmission) SER performance of the proposed analog spatial decoupling and the traditional digital spatial decoupling in the single-PB case. The channel noise variance and the received SNR for the IT signal are assumed fixed and the ADC resolution is 6 bits. It is observed that, for the digital decoupling, as the received SNR for the SWIPT signal increases, the SER for the IT signal grows and saturates at the worst point, i.e., 0.75, which agrees with the SQNR analysis in (3) where the quantization noise for the IT signal is shown to be proportional to R. In contrast, when the proposed analog spatial decoupling is used, the (IT) SER performance is observed to be independent of the received SWIPT signal and attain a constant low SER throughout the whole SWIPT SNR range with only a 6-bit ADC. This demonstrates the robustness of analog spatial decoupling against the near-far problem. In addition, it is also noted that the SER curve for the SWIPT signal has a floor due to quantization noise independent of the received SNR and determined only by the ADC resolution. The same performance comparison in multiple PB case is illustrated in Fig. 7 , where the system setup with two PBs transmitting two independent SWIPT data streams is assumed, and the ADC resolution is also 6 bits. As expected, similar trends can be observed in this case, which verifies the effectiveness of the proposed systematic solution for analog decoupling matrix in multiple PBs case. Also, it is observed that, in terms of SER performance, single PB case can achieve a better IT performance than the multiple PB case given the number of supported IT data streams is the same. It is intuitive since additional DoF will be used to suppress the SWIPT signals for IT signals decoding in multiple PBs case.
VII. CONCLUSIONS
To address the PT-IT near-far problem in the PB-assisted WPC system, a novel technique called analog spatial decoupling has been proposed in this paper, which solves the problem by decoupling the mixed strong SWIPT and the weak IT signals in the analog domain. Practical designs for implementing analog spatial decoupling are presented, which consist of simple components such as adders and phase shifters. In particular, for the single-PB setup, two simple but optimal schemes based on Fourier and Hadamard transform respectively are proposed, while for the multiple-PB setup, the design problem is more challenging, and a systematic procedure is proposed to tackle the problem. In addition, it is shown that full multiplexing gain can still be achieved in the presence of the strong SWIPT signal when the proposed analog spatial decoupling is employed.
